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DEVELOPMENT OF A HIGH-INTENSITY 

STANDARD OF TOTAL AND SPECTRAL IRRADIANCE 

I. INTRODUCTION 

The establishment of a high-intensi ty  i r r ad iance  s tandard 

capable of producing i r rad iances  of a t  least one s o l a r  constant 

(about 136 mw a t  a p r a c t i c a l  working d is tance  required an 

extensive evaluat ion of both commercially ava i l ab le  and NBS de- 

signed sources.  This r epor t  descr ibes  the  development of a 

s u i t a b l e  source and the  subsequent c a l i b r a t i o n  of t h e  se l ec t ed  

source i n  terms of t o t a l  and s p e c t r a l  i r rad iance .  

. . ( .  .... . . .  . . , .  . . .  . .. .. .. ~~ - . . . . . . . . , . . 
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11. EVALUATION OF HIGH INTENSITY SOURCES 

1.0 Commercially Available Sources 

A s tudy w a s  made of a number of commercially a v a i l a b l e  sources 

evaluat ing them i n  terms of (1) r ep roduc ib i l i t y ,  (2) s t a b i l i t y ,  (3) 

s p e c t r a l  qua l i t y ,  and (4) capab i l i t y  of producing t o t a l  i r r ad iance  

on t h e  order  of a t  least one s o l a r  constant  a t  a p r a c t i c a l  working 

d is tance  

Previous experience [1,2] with high pressure arc lamps such as 

Bg, Mg-Xe, Xe ,  and Krypton ind ica ted  t h a t  although s u f f i c i e n t  energy 

w a s  ava i l ab le ,  t h e  r ep roduc ib i l i t y  and long term s t a b i l i t y  of these  

u n i t s  d id  not  meet the  requirements necessary f o r  use as a radiometr ic  

s tandard e 

Consideration w a s  a l s o  given t o  5000-watt tungsten f i lament  

These lamps w e r e  s a t i s f a c t o r y  wi th  respec t  t o  p ro jec t ion  lamps. 

reproducib i l i ty ;  however, t h e  s t a b i l i t y  of these  u n i t s  over a period 

of 15 hours w a s  r e l a t i v e l y  poor. 

and t h e  r a t h e r  s h o r t  d i s tances  required t o  produce s u f f i c i e n t  

i r r ad iances  caused se r ious  d i f f i c u l t i e s  i n  alignment. Another 

detr imental  c h a r a c t e r i s t i c  of t h e  5000-watt lamp w a s  t he  g l a s s  

envelope. 

s p e c t r a l  q u a l i t y  i n  t h e  near u l t r a - v i o l e t  w a s  q u i t e  poor. 

Also, t h e  l a r g e  s i z e  of t h e  envelope 

Glass does not t ransmit  below about 3500 d; thus,  t he  

2.0 NBS Designed Source 

The survey of commercially ava i l ab le  sources ind ica ted  t h a t  

i n  order  t o  obta in  a reasonable s t a b l e  i r r ad iance  on the  order  of 
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a s o l a r  constant ,  t he  NBS would be  required t o  design a source which 

would meet t h e  necessary requirements. 

ca l cu la t ions  mads on a 1000-watt Sylvania tungsten co i led-coi l  

Preliminary measurements and 

f i lament  lamp mounted i n  a ceramic r e f l e c t o r  were very promising. 

Several  d i f f e r e n t  pa rabo l i ca l ly  shaped aluminum forms were constructed 

and coated with a high, d i f fuse ly  r e f l e c t i n g  material such as MgO, 

BaS04, CaF2 o r  A1203. 

then mounted i n  the  r e f l e c t o r s .  

1000-watt tungsten-halogen type lamps were 

These u n i t s  produced r e l a t i v e l y  

high i r rad iances ;  however, t h e  t i m e  required f o r  t he  u n i t  t o  come 

t o  equi l ibr ium w a s  about 30 minutbs - f a r  too long f o r  use as a 

standard.  

Emphasis w a s  then given t o  t h e  General Electric c l e a r  and f ros t ed  

1000-watt tungsten halogen lamps when mounted i n  s p e c i a l l y  designed 

s l i p - c a s t  fused s i l i ca  r e f l e c t o r s .  It w a s  found t h a t  pos i t ion ing  the  

lamps wi th in  the  housing too c l o s e  t o  t h e  back w a l l  of t h e  r e f l e c t o r  

r e s u l t e d  i n  a very s h o r t  l i f e  f o r  the l m p s  (less than 5 hours).  
I 

The 

design of t h e  r e f l e c t o r  was  accordingly modified a number of t i m e s  

u n t i l  an operat ing period of more than 150 hours w a s  obtained. The 

lamp mounted i n  t h e  r e f l e c t o r  is shown i n  Figure 1. The e f f e c t i v e  

s i z e  of t h e  r ad ia t ing  area is only 3.2 c m  by 5 cm. The presence of 

t h e  r e f l e c t o r  increases  t h e  r ad ian t  f l u x  i n  a d i r e c t i o n  normal t o  the  

f r o n t  su r f ace  of t h e  u n i t  by a f a c t o r  of about 3. The combination 

of a small r a d i a t i n g  area and t h e  increased f l u x  due t o  t h e  r e f l e c t o r  

r e s u l t s  i n  a source capable of producing a t  least 136 m cm-* a t  a 

reasonable working d i s t ance  of 40 cm. 

, , .... . . - , . , . . . . , . , - . . . ,. . . . . ~ . -  ., . . . , . . 
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3.0 S t a b i l i t y  Tests - Instrumentation 

The experimental apparatus used t o  determine both t h e  t o t a l  and 

the  s p e c t r a l  s t a b i l i t y  of t hese  u n i t s  is  shown i n  Figure 2. I n  order  

t o  e f f i c i e n t l y  cover t h e  f u l l  s p e c t r a l  range of 0.25 um t o  2.5 pm, a t  

least two pho toe lec t r i c  de t ec to r s  are required.  An RCA 935 phototube 

w a s  chosen t o  cover t h e  u l t r a -v io l e t  and v i s i b l e  ranges and an 

Eastman Kodak PbS cel l  w a s  s e l ec t ed  t o  cover t h e  near i n f r a red  region. 

The two de tec to r s  were mounted t o  an ad jus t ab le  t a b l e  wi th in  a s p e c i a l  

dual-detector housing so t h a t  by means of a ve rn ie r  dr ive ;  e i t h e r  

de t ec to r  could be posi t ioned d i r e c t l y  behind t h e  entrance p o r t  of t h e  

housing. Provis ions were made t o  p lace  narrow band-pass in t e r f e rence  

f i l t e r s  d i r e c t l y  over t h e  entrance port .  Thus, through t h e  s e l e c t i o n  

of a number of i n t e r f e rence  f i l t e r s  and t h e  two de tec to r s ,  a simple 

spectroradiometer w a s  constructed which w a s  capable of making d i s c r e t e  

s p e c t r a l  measurements over t he  wavelength reg ion  of 0.25 t o  2.5 urn. 

For t h e  t o t a l  r a d i a t i o n  measurements, a thermopile without a cover 

window w a s  employed as t h e  de t ec to r .  

Both the  thermopile and t h e  de t ec to r  housing were mounted on an 

o p t i c a l  bench. The source t o  be  evaluated and a re ference  lamp were 

set up i n  a manner t h a t  allowed each of t h e  sources t o  a l t e r n a t e l y  be 

i n  alignment with one of t h e  de tec tors .  

t h e  de t ec to r  on t h e  o p t i c a l  bench, i t  w a s  poss ib le  t o  accura te ly  

r e a l i g n  e i t h e r  t h e  thermopile o r  t h e  entrance ape r tu re  of the  

de t ec to r  housing with e i t h e r  of t he  lamps. 

operated continuously whereas t h e  re ference  lamp w a s  turned on only 

By not ing t h e  pos i t i on  of 

The test source w a s  
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during t h e  measurements. 

bench i n  f r o n t  of t h e  de t ec to r  housing. 

A 33 Hz chopper w a s  mounted on t h e  o p t i c a l  

The output  s i g n a l  from each 

pho toe lec t r i c  de t ec to r  w a s  then eyncronously amplified and subsequently 

displayed on a d i g i t a l  voltmeter as w a s  t h e  thermoelectr ic  output  of 

t h e  thermopile a f t e r  f i r s t  being amplified by a rgmovoltmeter. 

The measurement procedure w a s  as follows: 

(1) With the  935 phototube i n  pos i t i on  and an appropr ia te  f i l t e r  

i n  place,  t h e  de t ec to r ' s  output w a s  recorded when a l t e r n a t e l y  

al igned wi th  the  test and reference sources.  

successively done f o r  each of t h e  u l t r a -v io l e t  and v i s i b l e  

This w a s  

f i l t e r s  . 
(2) The PbS cel l  w a s  then posi t ioned behind t h e  entrance ape r tu re  

and readings were taken f o r  each of t h e  sources with the  

in f r a red  f i l t e r s  i n  place.  

(3) The thermopile 's  output w a s  then recorded when i r r a d i a t e d  

by each of t h e  sources.  

(4) The reference  lamp w a s  turned o f f ;  t he  test source continued 

t o  operate .  

The above s t eps  were repeated about every 10 - 15 hours u n t i l  e i t h e r  

t h e  test source f a i l e d  o r  s u f f i c i e n t  information w a s  a v a i l a b l e  t o  enable 

evaluat ion of t h e  data.  

The re ference  source cons is ted  of a clear 1000-watt tungsten 

These lamps were previously found t o  be s t a b l e  f o r  

By taking t h e  r a t i o s *  f o r  t he  t o t a l  

halogen lamp. 

per iods of 50 hours o r  more. 

*Relative s p e c t r a l  o r  t o t a l  de t ec to r  output when i r r a d i a t e d  by test 

source vs  output  when i r r a d i a t e d  by re ference  source.  
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and the  var ious s p e c t r a l  wavelengths, i t  w a s  poss ib le  t o  d e t e c t  any 

r e l a t i v e  change t h a t  might occur with the  test source.  

I n  order  t o  expedi te  t he  s t a b i l i t y  s t u d i e s ,  a second system w a s  

constructed.  This system was  i d e n t i c a l  i n  p r i n c i p l e  t o  t h e  f i r s t  

with the  exception of t h e  means of s p e c t r a l  i s o l a t i o n .  
I 

I n  t h i s  case, 

f o r  obtaining d i s c r e t e  s p e c t r a l  energy bands, a quartz  double-prism 

monochromator w a s  employed r a t h e r  than in t e r f e rence  f i l t e r s .  The 

monochromator w a s  mounted on a second o p t i c a l  bench along with a 

second thermopile. Thus, two systems, operat ing simultaneously, 

were ava i l ab le  f o r  studying the  s t a b i l i t y  p rope r t i e s  of var ious 

high i n t e n s i t y  sources.  

4.0 S t a b i l i t y  T e s t  - Resul ts  

T f i i t i a l  tests on t h e  1000-watt tungsten halogen lamp - ceramic 

r e f l e c t o r  conbination ind ica ted  t h a t  u l t r a - v i o l e t  degradation of t h e  

fused s i l i c a  r e f l e c t i v e  coat ing w a s  occurring. 

are not  overly "rich" i n  u l t r a - v i o l e t  r ad ia t ion ,  t h e i r  c lose  proximity 

t o  t h e  r e f l e c t i n g  sur face  (about 6 mm) enhanced t h e  amount of u l t r a -  

v i o l e t  energy inc ident  upon the  r e f l e c t o r .  

f o r  a t y p i c a l  1000-watt tungsten lamp when mounted i n  a ceramic 

Although these  lamps 

Table 1 gives t h e  r e s u l t s  

r e f l e c t o r  having a fused s i l ica  r e f l e c t i n g  surface.  Note t h a t  i n  

t h e  u l t r a -v io l e t  region at0'.27pm, the  change i n  r a t i o s  over a 40 

hour i n t e r v a l  is  13 percent  and t h a t  wi th  increas ing  wavelength, 

t he  change i n  r a t i o s  decreases.  

t he  change over 40 hours opera t ion  decreased t o  2%, and t h e  change 

A t  t h e  longer wavelength of 2.5 pm 



i n  t he  t o t a l  i r r ad iance  of t h e  source is  a l s o  about 2% - too l a r g e  a 

change t o  be considered f o r  use as a radiometr ic  standard.  

Various d i f f u s e l y  r e f l e c t i n g  materials such as BaS04, MgO, CaF2, 

A1203, and a new Eastman Kodak white  p a i n t  were then appl ied t o  t h e  

ceramic r e f l e c t o r s  and subsequently evaluated f o r  long t e r m  s t a b i l i t y .  

Of those materials, t h e  u n i t s  coated wi th  A1203 proved t o  be t h e  most 

s t a b l e .  

Table 2 gives  the  r e s u l t s  f o r  a clearlO00-watt tungsten halogen lamp 

mounted i n  a ceramic r e f l e c t o r  with a flame sprayed A1203 coat ing.  

During t h e  f i r s t  25 hours the  change i n  u l t r a -v io l e t  i r r ad iance  a t  

2537 8 is 6%,  however, very l i t t l e  change occurred between 25 and 1 1 7  

hours. The t o t a l  i r r ad iance  remained f a i r l y  constant  over t he  e n t i r e  

117  hour period of operat ion and t h e  s tandard devia t ion  of t he  t o t a l  

(or thermopile) r a t i o s  between 25 and 117 is only 0.27%. It should be  

noted t h a t  t h e  t o t a l  amount of u l t r a -v io l e t  i r r ad iance  below 0.4~m is 

only about 0.2% of t h e  t o t a l  r a d i a t i o n  from the  source. 

percent  change i n  t h e  u l t r a -v io l e t  i r r ad iance  has  an i n s i g n i f i c a n t  

e f f e c t  on the  t o t a l  i r rad iance .  However, s ince  t h e  source i s  t o  be 

used as a standard of both t o t a l  and s p e c t r a l  imad iance ,  it i s  

des i r ab le  tha t  t h e  s p e c t r a l  radiometr ic  output remain f a i r l y  constant  

f o r  a reasonable length of t i m e  ( a t  least 20 hours) .  

The g r e a t e s t  change occurred during the  f irst  24 hours. 

Thus, a few 

I n  Table 3 data  i s  given f o r  a f r o s t e d  1000-watt lamp - A1203 

coated r e f l e c t o r  combination. I n  t h i s  case, da t a  w e r e  only taken 
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a f t e r  the  u n i t  had been seasoned* f o r  a period of 25 hours. The 

decrease i n  t h e  u l t r a -v io l e t  i r r ad iance  during the  period 25 hours 

t o  135 hours is only 2 1 / 2  %. 

r a t i o s  are f a i r l y  constant.  The s tandard devia t ion  of t h e  t o t a l  

The v i s i b l e ,  near i n f r a red ,  and t o t a l  

r a t i o s  is only 0.2% which i s  t h e  l i m i t a t i o n  i n  instrumental  

r e p e a t i b i l i t y .  

Tes t s  were conducted on a number of t hese  un i t s ,  each employing 

e i t h e r  clear o r  f ros t ed  lamps, t h e  r e s u l t s  of which were similar t o  

those shown i n  Tables 2 and 3. Thus, by mounting t h e  General E l e c t r i c  

clear o r  f ros t ed  tungsten halogen lamp i n  a flame sprayed M203 

coated ceramic r e f l e c t o r  and seasoning the  u n i t  f o r  25 hours,  a 

source w a s  developed which, over a period of a t  least 50 hours,  

remained s t a b l e  with respec t  t o  t o t a l  i r r ad iance  t o  wi th in  0.2% and 

t o  wi th in  one o r  two percent  f o r  s p e c t r a l  i r rad iances .  

111. TOTAL IRRADIANCE CALIBRATIONS 

The establishment of t h e  high i n t e n s i t y  sources as s tandards 

of t o t a l  i r r ad iance  w a s  accomplished by comparing t h e  i r r ad iance  

of a group of lamp-reflector u n i t s  t o  t h e  i r r ad iance  of a blackbody 

as defined by the  Stefan-Boltzmann r a d i a t i o n  l a w .  

and p rec i s ion  with which a t o t a l  r ad ia t ion  c a l i b r a t i o n  of t h i s  

type can be performed is  dependent upon a number of parameters 

The accuracy 

such as: (1) t h e  q u a l i t y  of t h e  blackbody; (2) t he  temperature 

*Seasoned o r  operated at  r a t ed  vol tage  f o r  a spec i f i ed  period of t i m e .  
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measurement and temperature uniformity of t h e  blackbody; (3)  t h e  

a b i l i t y  t o  determine t h e  amount of blackbody energy which is absorbed 

by the  atmosphere; (4) t h e  q u a l i t y  of t he  t o t a l  r a d i a t i o n  de tec tors ;  

(5) t he  r e so lu t ion  and p rec i s ion  with which t h e  de tec tor ' s  output can 

be recorded; ( 6 )  t he  a b i l i t y  t o  repeatedly supply a known amount of 

electrical  power t o  the  high i n t e n s i t y  source; (7) t he  a b i l i t y  and 

accuracy with which t h e  high i n t e n s i t y  source can be a t tenuated ;  

(8) the  accuracy t o  which the  area and temperature of t h e  blackbody 

l i m i t i n g  aper ture  is known; and (9) t he  a b i l i t y  t o  accurately a l i g n  

and measure d is tances  between certain components i n  the  system. 

1.0 Evaluation of NBS Blackbody 

The q u a l i t y  of a "blackbody" is a func t ion  of t he  e f f e c t i v e  

emiss iv i ty  of t h e  cavi ty  opening and . the  temperature uniformity of 

t he  cavi ty  enclosure.  Once these  two parameters have been determined, 

t he  radiance ( e i t h e r  t o t a l  o r  s p e c t r a l ) ,  can be computed using t h e  

appropr ia te  r ad ia t ion  equations provided t h a t  t h e  temperature of the  

enclosure i s  known. The blackbody employed w a s  constructed of a 

c y l i n d r i c a l  ca s t ing  of an a l loy  of 80% n i c k e l  and 20% chromium. The 

o v e r a l l  length is  15.2 cm. ,  t h e  outs ide  diameter is 7.6 cm.,  and t h e  

w a l l  th ickness  i s  1 .27  cm. Two openings are provided; one l a r g e r  

r a d i a t i o n  aper ture  (1.6 cm. diameter) and a smaller opening (0.4 cm. 

,diameter) i n t o  which a temperature sensor  could be  inser ted .  In 

order  t o  increase  t h e  emiss iv i ty  and diffuseness  of t he  enclosure,  

t he  back w a l l  of t h e  cy l inder  w a s  machine grooved a t  a s l i g h t  angle  

of about 10'. 
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Before actual use, the enclosure was placed in an oven and heated 

The subsequent oxidizing of in air to 1400°K for more than 100 hours. 

the metal resulted in a surface having a relatively low reflectance. 

Figure 3 shows the infrared spectral reflectance of a sample of the 

oxidized metal when heated to a temperature of 1273OK. 

of the sample was measured on a Cary-White 90 Infrared Spectrophotometer 

by the Spectrophotometry and Colorimetry Section at NBS. Using an 

average value of O.l* for the wall reflectance a value of 0.9 w a s  

obtained for the emissivity of the interior surface of the enclosure. 

Thus, from the geometrical dimensions of the enclosure, the emissivity 

The reflectance 

of the material, and Gouffg's equation [3] ,  a calculated effective 

emissivity for the cylindrical enclosure of 0.999 was obtained. 

The temperature of the blackbody was both measured and controlled 

by the voltage generated by a platinum-platinum (10% rhodium) thermo- 

couple. The thermocouple ice point was maintained at 0.0 f 0.05"C by 

means of a commercial thermoelectric ice point. Copper wires without 

soldered connections carried the thermocouple voltage to copper knife 

switches, by which it could be directed - alternately or simultaneously - 
to the temperature measuring or temperature controlling equipment. 

*It was not possible with the apparatus available to obtain values 

below 2.5 Um, but since at the temperature of 1273OK about 65% of 

the flux is above 2.5 pm and 99% is above 1.2 pm, it was felt that 

this was not a serious limitation. 
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The temperature measuring equipment cons is ted  of a Leeds & 

Northrup K-3 potentiometer which w a s  ca l ib ra t ed  by the  NBS E l e c t r i c a l  

Instrument Section, a Leeds & Northrup e l ec t ron ic  n u l l  i n d i c a t o r ,  

and a s tandard re ference  cel l  ca l ib ra t ed  by t h e  NBS Electrochemistry 

Section. 

Temperature con t ro l l i ng  equipment consis ted of a Leeds & Northrup 

10877 con t ro l  system plus  an FAG 3 magnetic ampl i f ie r .  

cont ro l  system includes a No. 10810 set poin t  u n i t ,  a No. 9834-2 n u l l  

de t ec to r ,  and a No. 10877 CAT (current  ad jus t ing  type) con t ro l  un i t .  

The 10877 

The mode of operat ion w a s  as follows: 

(1) The des i red  blackbody temperature w a s  s e l ec t ed ,  and t h e  

corresponding thermocouple vol tage  w a s  set i n t o  the  set 

poin t  u n i t  by means of a 0 - 50 mV coarse adjustment with 

5 mV s t e p s  and a ten-turn h e l i p o t  f i n e  adjustment t h a t  

divided each 5 mV i n t e r v a l  i n t o  one thousand 5 pY div is ions .  

The output of t h e  set poin t  u n i t  w a s  t h e  difference-thermo- 

couple vol tage  minus set poin t  vol tage.  This output formed 

the  input  f o r  t he  n u l l  de tec tor ,  which amplified i t;  t h e  

output  of t h e  n u l l  de t ec to r  w a s  t h e  inpu t  f o r  t he  CAT u n i t ,  

which transformed i t  t o  a cur ren t  source; f i n a l l y ,  t h e  output 

of t h e  CAT u n i t  w a s  t he  input  f o r  t h e  FAG 3 magnetic 

ampl i f ie r .  The magnetic ampl i f ie r  provided up t o  a 20 A 

cur ren t  a t  up t o  90 V i n  order  t o  hea t  t h e  blackbody oveB. 

To opera te  t h e  blackbody a t  14OO0K, f o r  ins tance ,  t h e  oven 

cur ren t  w a s  set manually a t  about 15  A when t h e  oven w a s  
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s t a r t e d  from room temperature. When t h e  n u l l  de tec tor  

ind ica ted  the  blackbody temperature w a s  roughly 50 degrees 

below the  des i red  temperature, t h e  CAT u n i t  w a s  switched 

from manual t o  automatic control .  A s  t he  blackbody 

temperature approached t h e  des i red  value,  the  s e n s i t i v i t y  

of t he  n u l l  de t ec to r  w a s  slowly increased t o  a l e v e l  

s u f f i c i e n t  t o  maintain t h e  equi l ibr ium temperature. 

I f  t h e  equi l ibr ium temperature d i f f e r e d  from the  set poin t ,  

i t  could be corrected by a minor adjustment of t h e  set poin t .  

(3)  

The prec is ion  temperature con t ro l l e r  coupled with t h e  high hea t  

capaci ty  of t he  assoc ia ted  blackbody furnace (which gives the  black- 

body good thermal s t a b i l i t i e s )  enabled t h e  blackbody temperature 

t o  be repeated from one day t o  the  next t o  wi th in  * 0.5 degrees a t  

about 1400OK. The s h o r t  t e r m  s t a b i l i t y  w a s  about * 0.2 degrees. 

The thermocouple w a s  ca l ib ra t ed  by t h e  NBS Temperature Sect ion 

and had a corresponding uncer ta in ty  of f 0.5'K on the  In t e rna t iona l  

Practical Temperature Scale (IPTS). The cor rec t ion  required because 

of conduction lo s ses  i n  the  thermocouple, obtained by surrounding t h e  

thermocouple assembly with a hea te r  guard where i t  emerged from t h e  

blackbody, w a s  found t o  be 0.25'K. Agreement between the  corrected 

thermocouple reading and a c a r e f u l l y  ca l ib ra t ed  o p t i c a l  pyrometer measure- 

ment w a s  O.l°K. 

replacement o r  r e c a l i b r a t i o n  of t h e  element w a s  required from t i m e  t o  

To check f o r  deprec ia t ion  of t h e  thermocouple, 

t i m e .  
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Temperature uniformity of the opening of the blackbody was 

established by means of an optical pyrometer and thermocouple. 

opening was scanned both.vertically and harizontally with a visual 

The 

optical pyrometer,and found to be uniform to about 1°K which was the 

limitation of the sensitivity of these particular observations. A 

secondary check of temperature uniformity was made by placing the 

thermocouple at different positions along the rear wall of the cylinder. 

These measurements revealed that the temperature gradient along the 

back surface of the blackbody wascless than 0.3 degrees. 

2.0 Atmospheric Absorption 

The radiant energy emitted by the blackbody reaches the radiation 

detector only after traversing the atmosphere for a certain distance. 

The absorption of radiation at certain wavelengths by atmospheric 

constituents such as carbon dioxide, water vapor, and ozone is so 

intense that their effect on the transmitted radiation should be 

taken into account when extrapolating back from the measured radiation 

to the true target radiation. Most of this absorption occurs in 

the infrared region of the klectromagnetic spectrum [4]. Although the 

blackbody - detector distance was relatively short (about 30 cm.), an 

atmospheric absorption correction was considered essential since more 

than 99% of the radiation.emitted by a 1400OK blackbody is in the 

infrared. 

The spectral transmittance through an absorbing path of length 

x is given by Lambert's law [SI: 
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where TA is t h e  t ransmit tance a t  wavelength X and kA is t h e  

absorpt ion c o e f f i c i e n t  a t  wavelength A. However, s ince  accura te  

absorpt ion coe f f i c i en t s  throughout t h e  e n t i r e  wavelength region of 

i n t e r e s t  are not  ava i lab le ,  t he  e f f e c t  of atmospheric absorpt ion w a s  

determined experimentally. 

These measurements were made by placing a c y l i n d r i c a l  stainless 

steel tube 30 cm. i n  length and 7.5 cm. i n  diameter between the  

l i m i t i n g  ape r tu re  of the  blackbody and t h e  r ad ia t ion  de tec to r  (see 

Figure 4).  

opening. 

means of a press  and "0" r ing .  

t h e  tube t o  reduce s c a t t e r e d  l i g h t .  

p ressure  valve; thus the  tube could be evacuated t o  a pressure  cf 

lom5 mm. 

uniform transmit tance from t h e  v i s i b l e  out  t o  about 22 vm; t he  

s p e c t r a l  region which embrac%q 99.5% of t h e  r a d i a t i o n  from a 1400'K 

blackbody. 

Cary-14 spectrophotometer over t h e  s p e c t r a l  region of 0.3 t o  2.5 urn 

and on a Beckman IR-9 Inf ra red  Spectrophotometer from 2.5 t o  25 urn. 

I r r ad iance  measurements were taken when t h e  tube was  evacuated 

Each end of t he  tube had a 2 cm. diameter c i r c u l a r  

Over each opening, a KEr window w a s  vacuum mounted by 

Two b a f f l e s  w e r e  provided i n s i d e  

The tube w a s  f i t t e d  with a 

KBr w a s  chosen f o r  t h e  window material s i n c e  i t  has a 

The s p e c t r a l  t ransmit tance of KBr w a s  measured on a 

t o  a pressure  of mm. The pressure  valve w a s  then released 

and i r r ad iance  measurements were taken at  atmospheric pressure.  The 

r a t i o  of t h e  de t ec to r  outputs a t  atmospheric and a t  10-5 mm pressure  
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conditions is then an indication of the attenuation of a 1400'K 

blackbody irradiance at 30 an. due to atmospheric absorption. This 

procedure was repeated a total of 14 times over a period of a few 

days. Both the room temperature and the relative humidity were 

recorded during each set of measurements. 

The results of the measurements along with the mean and the 

standard deviation are given in Table 4. Thus, in order to correct 

for atmospheric absorption, the calculated blackbody irradiance was 

multiplied by 0.9841. 

An analysis was made t o  determine if a correction'should be 

applied to the above measurements due to the difference in the index 

of refraction of air and of a vacuum. For the vacuum measurements, 

radiation is traversing an [air-KBr-vacuum-KBr-air] path whereas in 

the second case, the path consists of [air-KBr-air-KBr-air]. The 

indices of refraction for air, vacuum, and KBr are 1,00029 163, 1.0, 

and 1.53 [7] respectively. The reflection p12 at the interface of 

two mediums is given as: 

(5.2) 

where n is the index of refraction and the subscripts 1 and 2 denote 

mediums 1 and 2. 

Designating air, KBr, and vacuum as mediums 1, 2, and 3 respectively, 

the reflection R of one KBr window for the vacuum situation to a close 
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approximation is: 

and, for the measurement at atmospheric pressure, the reflection Ra of 

one KBr window is approximately: 

Calculations of the combined reflection of the two windows for 

each condition of measurement resulted in a reflection difference of 

less than 0.01%. Thus, the data in Table 4 were not adjusted. 

3.0 Evaluation of Total Radiation Detector 

Most sources of thermal radiation emit energy over a wide spectral 

range. 

the long wavelength side of 2.5 pm, whereas the tungsten lamp-ceramic 

reflector unit emits most of its energy on the short wavelength side of 

2.5 pm. Thus, when using a radiation detector as a transfer device, it 

is essential that the detector be equally sensitive to radiant energy 

over an extremely wide wavelength region. 

commonly used as a "black" radiation detector is the thermopile. 

ever, recent investigations [ I ,  9 ,  101 have revealed that the responsivities 

A 14000R blackbody emits more than 60 percent of its energy on 

The type of sensor most 

How- 

of these detectors are not necessarily constant with wavelength. 
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A c lose  approach t o  a s p e c t r a l l y  " f l a t t t  de tec tor  is the  cavi ty  o r  

"blackbody" de tec to r  which w a s  designed a t  NBS and b u i l t  by t h e  Charles 

M, Reeder Co. One of t hese  units is shown i n  Figure 5. The u n i t  is  

constructed i n  t h e  form of a cone (20% angle) and coated with gold 

black. To reduce t h e  hea t  capaci ty  and thereby decrease the  response 

t i m e ,  t h e  cone is made of 2 pm th i ck  gold f o i l .  

f o l d  of t he  f o i l ,  s e v e r a l  w i r e s  are a t tached  which serve as supporting 

members and thermojunction connectors. 

The e f f e c t i v e  absorpt ion of t h e  conica l  receiver can be approximately 

Along the  ou t s ide  

ca lcu la ted  using Gouff6's equation; however, t h e  s p e c t r a l  r e f l ec t ance  

of gold black v a r i e s  considerably from one specimen t o  another - 
depending on t h e  method of depos i t ion  1113. Therefore,  t he  s p e c t r a l  

uniformity of t h e  de t ec to r  was determined experimentally by comparison 

t o  a thermopile heavi ly  coated with Parson's Black Paint .  

r e f l ec t ance  of Parson's Black Pa in t  has been found t o  be constant  from 

the  v i s i b l e  out  t o  about 20 pm t o  about f 1% [ l 2 ] .  

The 

The s p e c t r a l  comparison w a s  made by p lac ing  both de t ec to r s  i n  a 

metal housing which i n  t u r n  w a s  mounted on an o p t i c a l  bench. 

mechanical means f o r  mounting t h e  de t ec to r s  w a s  such t h a t  both de t ec to r s  

were a t  t h e  same he ight  and same d i s t ance  from the  f r o n t  f ace  of t he  

housing. 

e i t h e r  ho r i zon ta l ly  with respec t  t o  t h e  source o r  toward o r  away from 

it. 

The 

The housing, when mounted on the  o p t i c a l  bench, could bemoved 

The micaometer s e t t i n g s  on the  o p t i c a l  bench enabled the  reposi t ion-  

ing  of t h e  housing and t h e  de t ec to r s  wi th in  t o  be very prec ise .  

s p e c t r a l  bands spaced a t  approximately equal i n t e r v a l s  from 0.75 Urn t o  

I so l a t ed  
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20 pm w e r e  obtained through the  combination of about 30 narrow bandpass 

in t e r f e rence  f i l t e r s  and var ious r ad ia t ing  sources.  The f i l t e r s  w e r e  

mounted i n  a f ixed  pos i t i on  between t h e  de t ec to r  and the  source.  

of t h e  thermopile leads  w a s  connected t o  a double pole-double throw 

switch.  

t h e  output  s i g n a l s  f i n a l l y  displayed on a s t r ip -cha r t  recorder .  

w a s  then poss ib l e  t o  a l t e r n a t e l y  p lace  each de tec to r  i n  pos i t i on  and 

uniformly i r r a d i a t e  i t s  receiver. 

used i t  w a s  poss ib le  t o  repea t  response r a t i o s  t o  about one percent .  

Figure 6 shows the  r e s u l t s  of t h e  comparison. From t h i s  f i g u r e  i t  can 

Each 

The switch w a s  then connected t o  a Keithley Nanovoltmeter and 

It 

When t h i s  method of comparison w a s  

be  seen t h a t  t he  cavi ty  de t ec to r  is  " f l a t "  over t he  wavelength region 

of i n t e r e s t .  

The s t a b i l i t y  of t h e  cavi ty  de t ec to r  w a s  checked by i r r a d i a t i n g  

When comparing the  the  rece iver  with a s t a b l e  carbon f i lament  lamp. 

i r r ad iance  from t h e  high i n t e n s i t y  source t o  t h a t  of t he  blackbody 

t h e  de t ec to r  w a s  only used as a t r a n s f e r  device; therefore ,  only 

s h o r t  term s t a b i l i t y  was required.  The r e s u l t s  of these  measurements 

ind ica ted  t h a t  t h e  respons iv i ty  of t h e  cavi ty  de t ec to r  w a s  constant  

t o  wi th in  t h e  a b i l i t y  t o  take  measurements, i .e.,  t o  wi th in  f 0.2% f o r  

30 minute per iods.  

A rough check of t he  de t ec to r ' s  s e n s i t i v i t y  w a s  made by placing 

the  de t ec to r  about 30 cm, from t h e  1400'K blackbody. The s e n s i t i v i t y  

was roughly 0.6 v o l t s  per  w a t t  o r  t he  l e v e l  of t he  output s i g n a l  was 

normally on t h e  order  of 20 PTP Thus, t h e  cavi ty  de t ec to r  
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f u l f i l l e d  the  des i red  requirements of s p e c t r a l  uniformity,  s h o r t  

term s t a b i l i t y  and s e n s i t i v i t y .  

4.0 Method f o r  Obtaining Equivalent Flux 

When the  i r r ad iance  of t h e  blackbody w a s  compared t o  t h a t  of 

t h e  high i n t e n s i t y  u n i t ,  a l a r g e  d i f f e rence  ex i s t ed  between t h e  

i r r ad iance  of t h e  two sources.  

couple orders  of magnitude, depending on which blackbody ape r tu re  

These d i f fe rences  ranged up t o  a 

w a s  used. Therefore,  e i t h e r  a l i n e a r i t y  check of the  de t ec to r  

system, o r  some means of accura te ly  a t t enua t ing  t h e  more in t ense  

source t o  a value roughly equivalent  t o  t h a t  of t h e  o the r  souree 

w a s  necessary. 

I n  t h i s  case, i t  w a s  found both convenient and accurate  t o  use 

s e c t o r  d i sks  as a means of both performing l i n e a r i t y  checks and as a 

means f o r  obtaining equidalent  i r rad iances .  

Available f o r  use  w e r e  sets of s e c t o r  d i sks  ca l ib ra t ed  by t h e  

Length Measurement Sect ion a t  NBS. 

d i sks ,  together  with t h e i r  measured t ransmit tances  and unce r t a in t i e s  

are given i n  Table 5. 

The nominal t ransmit tance of these  

5.0 Instrumental  Apparatus 

The experimental s e tup  f o r  determining the  t o t a l  i r r ad iance  of 

t h e  high i n t e n s i t y  source i s  shown i n  Figure 7. The blackbody and 

assoc ia ted  oven were mounted on an o p t i c a l  bench which w a s  capable 

of moving i n  two mutually perpendicular d i r ec t ions .  

I-beam, 7 f e e t  i n  length,  was posi t ioned normal t o  the  f r o n t  f ace  

A 6 inch 
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of t h e  blackbody and served as a r i g i d  support  t o  which o the r  

compotaents were mounted. 

holder  and s h u t t e r  were mounted t o  the  I-beam d i r e c t l y  i n  f r o n t  of 

t h e  blackbody opening. 

s p e c i a l l y  constructed r o t a t i n g  platform which provided movement i n  

t h e  lateral, longi tudina l ,  and vertical d i rec t ions .  The high 

i n t e n s i t y  source,  a water cooled s h i e l d  and s h u t t e r ,  and the  s e c t o r  

d i sk  were a l s o  placed on platforms which i n  tu rn  w e r e  mounted t o  

the  I-beam. 

A double water-cooled shield-aperture  

The cav i ty  de tec tor  w a s  fas tened t o  a 

Alignment of t h e  blackbody ape r tu re  and the  cavi ty  de t ec to r  w a s  

achieved by i n s e r t i n g  a 30.025 cm. rod through the  blackbody aper ture  

( see  Figure 8). 

enabled the  l i m i t i n g  ape r tu re  of t h e  de t ec to r  t o  be posi t ioned normal 

t o  and a t  a known d i s t ance  from the  blackbody aplerture. 

de t ec to r  w a s  peoperly al igned,  t h e  rod w a s  removed and t h e  blackbody 

and oven were reposi t ioned behind the  l i m i t i n g  aperture .  

The var ious adjustments of t h e  de tec tor  platform 

Once the  

The high i n t e n s i t y  source WiaS al igned with the  de t ec to r  by 

placing a s p e c i a l l y  constructed s t r a i g h t  edge, e i t h e r  40 cm. o r  100 cm. 

i n  length d i r e c t l y  aga ins t  t h e  f r o n t  f a c e  of t h e  de t ec to r  ( see  Figure 9 ) .  

The source w a s  then posi t ioned f l u s h  with the  square end of t h e  s t r a i g h t  

edge. A water cooled sh ie ld  having a 4 inch diameter opening w a s  

placed 15 cm. from t h e  source.  Attached t o  the  sh i e ld  w a s  a.water 

cooled s h u t t e r .  

cav i ty  de tec tor .  

high i n t e n s i t y  source.  

The s e c t o r  d i sk  w a s  placed about 10 cm. from the  

A black back-drop w a s  placed about 1 meter behind the  



The operat ing power f o r  t h e  lamp was produced by a bank of 

b a t t e r i e s  capable of supplying 140 v o l t s  a t  about 30 amperes. 

e l e c t r i c a l  con t ro l  and measurement system is shown i n  Figure 10. 

The lamp w a s  wired i n  series with a set  of v a r i a b l e  rheos t a t s ,  t he  

b a t t e r i e s ,  and a 15 ampere shunt.  The vol tage  across  the  shunt  w a s  

measured with a Leeds 61 Northrup K-3 Potentiometer. An e l e c t r o n i c  

The 

zero center micro voltmeter served as a n u l l  i nd ica to r .  The s tandard 

cel l ,  potentiometer,  and shunt  were a l l  ca l ib ra t ed  by t h e  E l e c t r i c i t y  

Division a t  NBS. 

The thermoelectr ic  output  of t h e  cavi ty  de t ec to r  w a s  amplified 

by a Keithley model 148 nanovoltmeter and read ou t  on an NLS model 

X-1 d i g i t a l  voltmeter.  

The blackbody aper tures  consis ted of a set of s i x  s t a i n l e s s  steel  

d isks  with c i r c u l a r  knife-edge openings. The d isks  w e r e  machine 

threaded and could be screwed i n t o  the  water-cooled ape r tu re  holder .  

The nominal diameters of t h e  aper tures  w e r e  1, 2 ,  4 ,  6,  8,  and 10 mm. 

The a c t u a l  diameters were measured at  30 degree i n t e r v a l s  by the  

NBS Length Section. Table 6 gives the  diameters f o r  each ape r tu re  

along with the  means and t h e  s tandard deviat ion.  

6.0 Measurement Procedure and Results 

With the  instrumentat ion set up as shown i n  Figure 7 ,  and a f t e r  

t he  blackbody had achieved temperature equi l ibr ium (about 4 hours 

a f t e r  tu rn ing  on the  oven); t h e  tempezature of t h e  room, s h u t t e r s  

and s h i e l d s ;  t h e  relative humidity and 'EMF of t h e  P t .  - P t .  10 Rh 
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thermocouple were recorded. 

u n i t  w a s  turned on (at a cu r ren t  of 8.300 amperes d.c.)  and allowed 

t o  w a r m  up f o r  15 minutes. 

t h e  de t ec to r  fac ing  toward t h e  blackbody. The de tec to r  w a s  then 

r o t a t e d  180 degrees and an equal number of measurements were taken on 

t h e  high i n t e n s i t y  source. 

t h a t  might have occurred during t h e  course of t h e  measurements, a 

second set  of ten  readings were taken f o r  both sources.  

The previously al igned lamp-reflector 

A series of t e n  readings w e r e  taken with 

I n  order  t o  de t ec t  any d r i f t  o r  change 

The above procedure w a s  followed f o r  each of e igh t  lamp-reflector 

u n i t s  a t  a d i s t ance  of 100 cm. During these  measurements, t h e  black- 

body remained a t  e s s e n t i a l l y  t h e  same temperature and the  same l i m i t i n g  

ape r tu re  w a s  employed. Once a set of measurements w a s  completed, e i t h e r  

t h e  blackbody temperature o r  t h e  l i m i t i n g  ape r tu re  w a s  changed. The 

e igh t  u n i t s  were again compared t o  t h e  blackbody. This w a s  done a t  

least th ree  times f o r  each of t h e  e i g h t  sources.  

eure ranged from about 1370 t o  1400 OK and e i t h e r  t he  4, 6, o r  8 mm 

diameter ape r tu re  w a s  used; most of t h e  measurements were made with 

the  6 mm aper ture ,  The blackbody-detector d i s tance  w a s  always kept 

a t  30.025 cm. and t h e  10% sec to r  d i sk  w a s  placed between t h e  cavi ty  

de t ec to r  and t h e  high i n t e n s i t y  source.  

The blackbody tempera- 

2 The t o t a l  i r r ad iance  i n  w a t t s / c m  of t h e  blackbody EBB a t  the  

l i m i t i n g  ape r tu re  of the  de t ec to r  w a s  ca lcu la ted  from the  following 

equation : 
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where, E = Effec t ive  emissivi ty  of blackbody (0.9991), 

= Atmospheric absorpt ion cor rec t ion  (0.9841), 

0 

a 

5 = Stefan-Boltzmann constant  (5.6697 x w a t t / K - c m  ), 

r = Radius of blackbody ape r tu re  ( c d ,  

d = Blackbody-detector d i s t ance  (30.025 cm.), 

4 2  

TBB = Temperature (Thermodynamic Kelvin Temperature Scale, TKTS) 

of blackbody (K), 

and 

Table 7 gives t h e  ca lcu la ted  blackbody i r r ad iances  i n  m-cm-2 f o r  0.1 

degree i n t e r v a l s  from 1374 t o  1378 OK and from 1392 t o  1400 OK when 

t h e  diameter of t h e  blackbody ape r tu re  w a s  6 mm. 

TS = Temperature (TKTS) of blackbody s h u t t e r  (K). 

The t o t a l  i r r ad iance  of a lamp-reflector u n i t  ES w a s  then obtained 

from t h e  re la t ionship :  

- 
EBB DS 

- ES = 

DBB 

2 where, EBB = Blackbody i r r ad iance  (wattjcm ), 

DS = Mean of tea de tec to r  outputs  when i r r a d i a t e d  by high 

i n t e n s i t y  source (vo l t s ) ,  
- 
DBB = Mean of ten de tec tor  outputs  when i r r a d i a t e d  by blackbody 

( v o l t s ) ,  
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and T = Transmittance of s e c t o r  disk.  

The r e s u l t s  of t h e  measurements made a t  100 cm. are given i n  Table 8. 

Note t h a t  t h e  i r r ad iance  f o r  each u n i t  is about 23 mw cm ; a f a c t o r  

of about 6 less than one s o l a r  constant.  

-2 

A s  previously mentioned, these  u n i t s  produce on the  order  of one 

s o l a r  constant  i r rad iances  a t  a d is tance  of 40 cm. However, t he  

energy d i f fe rence  between the  lamp-reflector u n i t  and the  blackbody i s  

a f a c t o r  of about 100. Thus, i n  order  t o  attermate t h e  high i n t e n s i t y  

source t o  a value roughly equivalent  t o  t h a t  of t he  blackbody, a 1% 

s e c t o r  d i sk  would be  required.  Since t h e  accuracy of the  1% trans-  

mi t t i ng  s e c t o r  d i sk  w a s  not  as w e l l  defined as the  higher  t ransmi t t ing  

d isks  (see Table 5 ) ,  t he  measurements a t  40 cm. were taken r e l a t i v e  

t o  t h e  ca l ib ra t ed  i r r ad iance  a t  100 cm. 

experimental se t  up shown i n  Figure 11. 

mounted on an o p t i c a l  bench and could e a s i l y  be s h i f t e d  from 100 t o  

40 cm. from t h e  lamp-reflector u n i t .  The 20% t ransmi t t ing  s e c t o r  

disk  was only turned on when t h e  detector-source d is tance  w a s  40 cm. 

Since, f a i r l y  high i r r ad iances  were being measured, the  r e p e a t i b i l i t y  

This w a s  done using t h e  

The cavi ty  de t ec to r  w a s  

i n  s epa ra t e  sets of measurements w a s  extremely good (about *<Qo.1%). 

The r a t i o  of t h e  i r rad iances  a t  40 and 100 cm. f o r  each t r i a l  run 

along with t h e  mean f o r  each u n i t  is given i n  Table 9.  The i r r ad iance  

a t  40 cm. w a s  then determined by mult iplying t h e  i r r ad iance  a t  100 cm. 

by t h e  corresponding mean r a t i o .  The f i n a l  values  are shown i n  

Table 10. 
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As a check on t h e  t o t a l  i r r ad iance  of one high i n t e n s i t y  u n i t  

a secondary method w a s  employed wherein a quartz  p l a t e  ca l ib ra t ed  

f o r  s p e c t r a l  t ransmit tance w a s  interposed between the  blackbody and 

t h e  de tec tor .  

so rp t ion  beyond 4 um, poss ib le  non-spectral uniformity of t he  de t ec to r  

beyond 4 Um, and non-planckian r a d i a t i o n  of t h e  blackbody beyond 4 Urn 

are eliminated. However, t h e  uncer ta in ty  of t he  s p e c t r a l  t ransmit tance 

of t he  quartz  p l a t e  w a s  about f 0.5%. 

relative s p e c t r a l  i r r ad iance  of a blackbody operated a t  1300°K, the  

s p e c t r a l  i r r ad iance  from a 300°K blackbody ( the  temperature of t he  

water cooled s h u t t e r  which may be considered zero on t h i s  s c a l e ) ,  t h e  

s p e c t r a l  t ransmit tance of t h e  quar tz  p l a t e ,  and t h e  water vapor 

absorpt ion f o r  t h e  path> lbngth between t h e  blackbody ape r tu re  and 

the  de tec tor .  The water vapor absorpt ion on t h e  s h o r t  wavelength 

s i d e  of 4 um w a s  ca lcu la ted  on t h e  amount equivalent  t o  0,0001 

p e r c i p i t a b l e  cm. of w a t e r  a t  normal temperature and pressure  and i s  

based on da ta  published by Wyatt e t  al. [13]. 

upon t h e  da ta  by S t u l l  et a l .  1141. 

Thus, t he  problems which arise due t o  H20 and C02 ab- 

Figure 12 i l l u s t r a t e s  t he  

The C02 values  are based 

The combined absorptions amounted 

t o  approximately 0.5%. The water vapor content  of t he  atmosphere w a s  

determined from measurements of t h e  temperature and r e l a t i v e  humidity 

of t h e  labora tory  during t h e  course of t h e  measurements (which ranged 

around 7S°F.and 70%) and fnom t h e  curves shown i n  Figure 13. 

curves w e r e  prepared from t h e  Smithsonian metrological  t ab l e s  E131 and 

give t h e  densi ty  of water vapor a t  s a t u r a t i o n  as a funct ion of temperature; 

These 

, .... I .  . ,  
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t h e  moisture content ( the  absolu te  humidity of t he  atmosphere) w a s  

determined i n  grams per  cubic meter. 

The t o t a l  t ransmit ted blackbody i r r ad iance  EBB w a s  then determined 

from t h e  following equation: 

where, 0.995 = correc t ion  due t o  atmospheric absorpt ion,  

2 A = Area of blackbody ape r tu re  (cm ), 

d = Blackbody aperture-detector  d i s tances  (cm.), 

~ ( h )  = Spec t r a l  t ransmit tance of quar tz  p l a t e ,  

= Spec t r a l  radiance of blackbody (watt ster-I ~ m - ~ ) ,  

Ls = Spec t r a l  radiance of 300°K s h u t t e r  (watt ster-' ~ m - ~ ) ,  

L~~ 

and t h e  l i m i t s  of i n t eg ra t ion  hl andih 

wavelengths of t h e  quartz  p l a t e .  

are t h e  t ransmit tance cutoff  2 

The r e s u l t s  of t h i s  measurement agreed wi th  the mean value obtained 

with t h e  primary method t o  0.4%. 

A check w a s  a l s o  made on t h e  uniformity of t he  i r r ad iance  a t  40 cm. 

This w a s  done by moving t h e  de t ec to r  f i r s t  v e r t i c a l l y  and then 

ho r i zon ta l ly  a t  2 mm increments and not ing t h e  associated de tec tor  

output  f o r  each pos i t ion .  These measurements ind ica ted  t h a t  t he  

t o t a l  i r r ad iance  w a s  uniform t o  about 2 0.3% over a 2 cm.  by 2 cm. area. 
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IV. SPECTRAL IRRADIANCE CALIBRATIONS 

The methods presently employed at the NBS for measuring the 

spectral irradiances of various sources over the solar spectrum 

(about 0.25 to 2.5 pm) consist of comparing the spectral irradiance 

oZ the source under investigation with that of an NBS standard of 

spectral irradiance. Two spectroradiometers, one based on a con- 

ventional prism monochromator and the other on a system employing 

narrow band-pass interference filters, were set up and used in the 

spectral calibrations. The eight high intensity units previously 

calibrated for total irradiance were all compared to NBS irradiance 

standards using the prism method; only two of these units were 

calibrated on both sets of equipment. 

1.0 Prism Spectroradiometric Instrumentation 

As shown in Figure 14, the basic component of the conventional 

spectroradiometer is the quartz double-prism monochromator. The 

use of a double-prism instrument reduces the scattered flux to a 

minimum and also offers a relatively high degree of resolution. The 

monochromator is light in weight and compact, such that it can be 

mounted on a rotary turntable. Thus, the instrument can be rotated 

to view either the standard of spectral irradiance or the high 

intensity unit. The use of Infrasil quartz prisms allows the monochromator 

to be used over the entire wavelength range of interest (0.30 to 2.5 um). 

The wavelength calibration of the monochromator was accomplished 

through the use of known emission lines of various arc lamps and 
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by c a l i b r a t e d  narrow band-pass in t e r f e rence  f i l t e r s .  

Since most r ad ian t  energy de tec to r s  vary considerable  i n  sensi-  

t i v i t y  over t h e i r  receiving su r face  [2, 91 and the  t ransmit tance of 

monochromators vary over t h e i r  o p t i c a l  aper ture ,  an averaging sphere 

w a s  placed a t  t h e  entrance s l i t  of t h e  monochromator. This ensured 

t h a t  t h e  de t ec to r  always viewed t h e  same "source", i .e. a c e r t a i n  

area of t h e  sphere w a l l .  The sphere,  which w a s  7.6 cm. i n  diameter, 

had a c i r c u l a r  entrance p o r t  (14 mm i n  diameter) and a rectangular  

(19 mm x 6.35 mm) e x i t  por t .  The entrance p o r t  w a s  s i t u a t e d  f a r  

enough off  t h e  normal t o  t h e  e x i t  po r t  such t h a t  i t  could not  be  

seen d i r e c t l y  by t h e  de tec tor .  A number of sphere coat ings were 

examined f o r  relative e f f i c i ency  with t h e  r e s u l t a n t  use of MgO 

reagent  grade powder. 

Two de tec to r s  were employed t o  cover t h e  s p e c t r a l  range from 

0 . 3  pm t o  2 . 5  pm. An EM1 S-20 response photomult ipl ier ,  mounted 

i n  a coolable  (193'K) housing, w a s  used from 0 . 3  t o  0.8 pm, and a 

2 mm by 10 mm PbS ce l l  ( a l so  cooled t o  193'K) w a s  used from about 

0.65 pm t o  2.5 pm. The inc iden t  f l u x  w a s  chopped a t  33 Hz and the  

output  of t h e  lock-in ampl i f ie r  w a s  f ed  t o  a d i g i t a l  voltmeter (DVM). 

To reduce the  e f fece lof  s t r a y  r a d i a t i o n ,  a c y l i n d r i c a l  s h i e l d  

(11.4 cm. i n  length and 11.4 cm. i n  diameter) with a f l a t  b lack  

i n t e r i o r  w a s  mounted t o  t h e  averaging sphere d i r e c t l y  i n  f r o n t  of t he  

entrance aper ture .  The f r o n t  end of t h e  s h i e l d  w a s  removeable and, 



depending on t h e  geometry involved, a diaphragm having t h e  appropr ia te  

s i z e  opening w a s  naed. I n  a l i  cases, care was taken t h a t  t h e  l i m i t i n g  

ape r tu re  of t h e  system w a s  t h e  entrance p o r t  of t h e  averaging sphere.  

When comparing t h e  s p e c t r a l  i r r ad iance  of t he  s tandard t o  t h a t  

of t h e  high i n t e n s i t y  source,  d i f fe rences  i n  energy of up t o  5 

ex i s t ed  between t h e  two sources.  Therefore, the  more in t ense  

source had t o  be  a t tenuated  t o  a va lue  roughly equivalent  t o  t h a t  

of t h e  s tandard.  It w a s  found both convenient and accura te  t o  use 

a n e u t r a l  densi ty  screen (which had a uniform transmit tance of 20.7 

percent)  as a means f o r  obtaining equivalent  i r rad iances .  The t rans-  

mit tance of t he  screen  w a s  determined through t h e  use of the  c a l i b r a t e d  

s e c t o r  d i sks  and with t h e  screen  posi t ioned exac t ly  as used i n  t h e  

i r r ad iance  measurements i.e. placed d i r e c t l y  over t he  opening of t h e  

c y l i n d r i c a l  s h i e l d .  

2.0 Prism Spectroradiometric Measurements 

When measurements were made wi th  the  prism instrument,  t h e  

s tandard of s p e c t r a l  i r r ad iance  w a s  a l igned normal t o  and a t  a d i s t ance  

of 50 cm, from t h e  entrance po r t  of t h e  averaging sphere. 

spectrometer,  along with its a u x i l i a r y  components, w a s  then r o t a t e d  

t o  a pre-set pos i t i on  and t h e  high i n t e n s i t y  source w a s  a l igned a t  a 

d i s t ance  of 40 cm. 

operated a t  8.30 amperes, both sources  were wired i n  series. 

cu r ren t  con t ro l  w a s  no t  c r i t i ca l  s i n c e  s m a l l  e r r o r s  i n  t h i s  measure- 

ment would cancel. 

The 

Since the  s p e c t r a l  i r r ad iance  s tandards a l s o  

Thus, 
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Comparisons of irradiances were made at 30 wavelengths spaced 

between 0.30 pm and 2.5 pm. 

relative to at least three standards. 

Each high-intensity unit was calibrated 

The defining equation for 

determining the spectral irradiance E at wavelength & (mm) is 

given as: 
h 

where, Ex = Spectral irradiance of standard (pW cm"2 nm-') 
S 
V = DVM voltage reading for high intensity source 

Vs = DVM voltage reading for standard 

t = Transmittance of attenuating screen. 

The spectral irradiances for the eight lamp-reflector units are 

A comparison of irradiance values for a lamp- given in Table 11. 

reflector combination and a typical 1000-watt standard of spectral 

irradiance is shown in Figure 15. Note that at the longer wavelengths 

the lamp-reflector unit is a factor of 5 times more intense whereas 

at 300 nm only a factor of 2 exists. This can be attributed to the 

low reflectance of the A1203 coating in the ultra-violet. 

3.0 Filter Spectroradiometric Instrumentation 

The photoelectric filter spectroradiometer (see Figure 16) 

consists of a set of 36 narrow band-pass interference filters mounted 

at 10 degree intervals on an aluminum disk. 

by a 36-position servometer to any one of the set positions. 

cam arrangement ensures that each filter can be positioned directly 

The disk can be rotated 

A spring 
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i n  f r o n t  of t he  de t ec to r .  

I n  order  t o  elgminate s t r a y  r ad ia t ion ,  t h e  en t i re  system was  

enclosed i n  a l i g h t - t i g h t  box. Again, t o  faci l i ta te  comparison of 

t h e  two sources,  t he  system w a s  mounted on an o p t i c a l  bench t h a t  

allowed a r ap id  interchange between t h e  sources.  

The e l ec t ron ic s  employed wi th  t h e  f i l t e r  set up, along with t h e  

readout system, r a d i a t i o n  s h i e l d ,  and a t t enua t ing  screen  were i n t e r -  

changeable with t h e  prism spectroradiometer.  However, a dup l i ca t e  

chopper w a s  requi red  s i n c e  t h e  chopper i t s e l f  w a s  an i n t e g r a l  p a r t  

of both sys tems . 
4.0 F i l t e r  Spectroradiometric Measurements 

A s  with t h e  prism instrument,  measurements with the  f i l t e r  set  up 

w e r e  made with t h e  s tandard a t  50 cm. and t h e  high-intensi ty  source a t  

40 cm. The s p e c t r a l  i r r ad iances  of two high-intensi ty  u n i t s  as determined 

with both sets of instrumentat ion are shown i n  Figures 1 7  and 18, I n  

both cases, the  s o l i d  l i n e s  i l l u s t r a t e  t h e  s p e c t r a l  i r r ad iance  values  

as determined with t h e  prism spectroradiometer and the  c i r c l e s  are 

r ep resen ta t ive  of t h e  s p e c t r a l  i r r ad iances  as determined with the  

f i l t e r  spectroradiometer.  The r e s u l t s  of both methods are t h e  average 

of two o r  more sets of measurements. The agreement between t h e  two 

methods is b e t t e r  than f 1% over most of t h e  s p e c t r a l  range. 
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V. ACCURAGY AND PRECISION 

The parameters inf luencing t h e  accuracy and prec is ion  with which 

sources of thermal r ad ia t ion  can b e  ca l ib ra t ed  i n  terms of t o t a l  

i r r ad iance  w e r e  mentioned i n  Sect ion 11. 
0 

When s e t t i n g  up the  1000- 

w a t t  lamp-reflector u n i t s  as high i n t e n s i t y  s tandards of t o t a l  

i r r ad iance ,  care w a s  taken t h a t  t h e  unce r t a in t i e s  contr ibuted by these  

f a c t o r s  were kept  t o  a minimum. 

The degree t o  which the  r a d i a t i o n  from any cavi ty  enclosure 

ac tua l ly  conforms t o  the  Planck equation is  not  e a s i l y  determined. 

For these  measurements experimental v e r i f i c a t i o n  of the  t o t a l  blackbody 

r a d i a t i o n  w a s  somewhat achieved when a quar tz  window was placed over 

t he  blackbody aperture .  This method, however, had an uncertainty of 

f 0.5% i n  t h e  t ransmit tance of t h e  quar tz  window. 

approach, t h e  q u a l i t y  of t h e  r a d i a t o r  should be b e t t e r  than f 0.1%; the  

From a t h e o r e t i c a l  

value subsequently used i n  the  e r r o r  ana lys i s  computations. 

The measurement of t h e  blackbody temperature through the  use 

of a ca l ib ra t ed  P t .  - Pt .  .10 Rh thermocouple w a s  determined t o  f 0.5 

degrees on t h e  In t e rna t iona l  Practical Temperature Sca le  (IPTS). 

However, i n  order  t o  obta in  t h e  b e s t  blackbody radiance va lues ,  t h e  

thermocouple c a l i b r a t i o n  w a s  corrected t o  t h e  Thermodynamic Kelvin 

Temperahure Scale  (TKTS). 

t o  t h e  IPTS temperature. 

t h e  cor rec t ion  has been estimated t o  be f 0.25 degrees. 

unce r t a in t i e s  i n  t h e  blackbody temperature produce unce r t a in t i e s  of 

* 0.15% and f 0.075%, respec t ive ly ,  i n  t h e  r a d i a t i o n  values .  

This requi res  an addi t ion  of 1.4 degrees 

The s tandard devia t ion  uncertainty of 

These 

The 



-33- 

K-3 potentiometer,  which w a s  used t o  measure t h e  EMF of the  thermocouple, 

has a c a l i b r a t i o n  accuracy b e t t e r  than 1 pv. Since a 12  pv d i f f e rence  

i n  thermocouple output  corresponds t o  ti 1 degree change i n  temperature, 

t h e  e r r o r  assoc ia ted  with t h e  thermocouple EMF measurements amounted 

t o  less than f 0.05%. ' 

The lengths  of the  30.025 cm. rod and t h e  two s t r a i g h t  edges 

were measured by t h e  NBS machine shop t o  wi th in  f 0.1 mm. I n  the  

case of t h e  balckbody, t h i s  corresponded t o  an uncer ta in ty  i n  i r r ad iance  

of f 0.07%. For the  high-intensi ty  source set a t  the  two dis tances ,  an 

e r r o r  of * 0.1 mm contr ibuted less than 0.05% uncer ta in ty  i n  the  

c a l i b r a t i o n  values.  The area of t h e  blackbody ape r tu re  produced an 

uncer ta in ty  of f 0.15%. 

The co r rec t ion  f a c t o r  due t o  atmospheric absorpt ion w a s  pr imari ly  

dependent on t h e  prec is ion  of t he  measurements. Thus, t he  s tandard 

devia t ion  f o r  t h i s  cor rec t ion  f a c t o r  w a s  f 0.1%. 

The uncer ta in ty  i n  t h e  c a l i b r a t i o n  introduced by an e r r p r  i n  

the  s e t t i n g  of t he  lamp cur ren t  was determined by taking t o t a l  

i r r ad iance  measurements f o r  two d i f f e r e n t  cur ren ts .  The r e s u l t s  

are shown i n  Figure 19. The lamp-reflector u n i t  w a s  allowed to 

warm-up a t  8.300 amperes f o r  16 minutes a f t e r  which a series of 

8 i r r ad iance  measurements were taken. The cur ren t  w a s  then reduced 

0.1000 ampere and 7 sets of measurements were made. F ina l ly ,  t he  

cur ren t  w a s  reset t o  8.300 amperes and another set of da ta  w a s  taken. 

Two minute i n t e r v a l s  separated each of 21 sets of measurements. 
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The r e s u l t s  show t h a t  t he  t o t a l  i r r ad iance  drops 3.7% f o r  a reduct ion 

i n  cur ren t  from 8.300 t o  8.200 amperes. 

shunt  box (which were ca l ib ra t ed  by the  NBS Electrical Instrument 

Sect ion(  could set t h e  cu r ren t  t o  b e t t e r  than 0.0001 amperes. 

The K-3 potentiometer and 

Thus, 

t h e  e r r o r  assoc ia ted  with t h e  cu r ren t  s e t t i n g  is  less than -k 0.004%. 

The uncer ta in ty  i n  t h e  a t t enua t ion  of t h e  high-intensi ty  source,  

as shown i n  Table 5, is f 0.1% f o r  t h e  10% t ransmi t t ing  d i sk  and 

f 0.04% f o r  t h e  20% disk ;  t hese  w e r e  t h e  two disks  employed i n  most 

of t h e  measurements. 

The p rec i s ion  with which t h e  t o t a l  i r r ad iance  values  repeated 

from one measurement set t o  another  w a s  ca lcu la ted  on the  b a s i s  of 

a s tandard devia t ion  f o r  each of t h e  e i g h t  sources.  

about * 0.2% t o  * 0.4% and had a mean s tandard devia t ion  of 0.3%. 

This ranged from 

The sources of e r r o r  assoc ia ted  with the  t o t a l  i r r ad iance  cal-  

i b r a t i o n s  are summarized i n  Table 12.  Adding these e r r o r s  i n  

quadrature,  a f i n a l  uncertainty f o r  t h e  a s s i b e d  t o t a l  i r r ad iance  

values  of f 0.9% a t  t h e  2 - (T level w a s  obtained. 

An e r r o r  ana lys i s  f o r  t h e  s p e c t r a l  i r r ad iance  measurements w a s  

f a i r l y  s t r a i g h t  forward. The s tandards t o  which the  high-intensi ty  

u n i t s  were compared have unce r t a in t i e s  ranging from 6 - 7 % a t  a 

wavelength of 300 am t o  about 3 - 4 X i n  t h e  v i s i b l e  and in f r a red .  

previously mentioned, each high-intensi ty  u n i t  w a s  compared t o  a t  

least two standards of s p e c t r a l  i r r ad iance .  The d i f f e rence  between 

t h e  two comparisons w a s  genera l ly  less than 1%. 

As 

The e r r o r s  assoc ia ted  
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with measurement of d i s t ance  and s e t t i n g  of cur ren t  were less than 

f 0.5%. 

w a t t  s tandards of s p e c t r a l  i r r ad iance ,  t h e  high-intensi ty  s tandards 

have assoc ia ted  unce r t a in t i e s  which range from about 8% a t  300 n m  t o  

5% throughout t h e  remainder of t h e  ca l ib ra t ed  region. 

Thus, based on the  previously assigned values  f o r  t h e  1000- 

V I .  CONCLUDING REMARKS 

I n  general ,  t he  h ighs in t ens i ty  s tandards of t o t a l  and s p e c t r a l  

i r r ad iance  can be  used t o  c a l i b r a t e  radiometers and spectroradiometers 

i n  terms of respons iv i ty  where high i r rad iances  are required.  Some 

of t h e  more prominent s c i e n t i f i c  d i s c i p l i n e s  involved with such 

measurements include aerospace (pr imari ly  s o l a r  s imula t ion) ,  meterology, 

a i r  po l lu t ions ,  and vaf ious defense o r i en ta t ed  appl ica t ions .  

When these  s tandards are used t o  c a l i b r a t e  thermal de t ec to r s  for 

response t o  t o t a l  i r r ad iance ,  car& should be taken t h a t  t he  de t ec to r  

is uniform i n  response from t h e  near  u l t r a -v io l e t  through t h e  medium 

in f ra red .  I f  a window is used wi th  the  radiometer, an appropr ia te  

tkansmittance co r rec t ion  must be  appl ied.  This co r rec t ion  f a c t o r ,  

however, can and uaual ly  w i l l  vary depending on the  window employed 

and t h e  source t o  be measured. For example, a quar tz  window may 

have a taansmittance of 87% f o r  t h e  t o t a l  i r r ad iance  from t h e  s tandard 

even though i ts  s p e c t r a l  t ransmit tance is  about 92% through the  near 

u l t r a - v i o l e t ,  v i s i b l e ,  and near  i n f r a r e d  regions.  For another source,  

a low temperature hea te r  o r  blackbody f o r  example, t h e  t o t a l  t rans-  

mit tance of t h e  quar tz  w i l l  be  s i g n i f i c a n t l y  lower depending on the  
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temperature of the source. 

transmittance from the near 

total transmittance for the 

Similarly, a CaF window (having a uniform 

ultra-violet to about 7 vm) may have a 

stmdard source of 91%, and as with the 

2 

quartz window, a low transmittance for a low temperature source. How- 

ever, in this case, the relative difference in transmittances for the 

two sources is .not as great as with the quartz window. 
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TABLE 1 

Relative Spectral and Total Irradiance Ratios for a Clear 1000-Watt Lamp 

in a Silica Coated Reflector at 150 cm. VS. a 1000-Watt Reference Source 

at 75 cm. as a Function of Time 

Time (hrs.) 0 6 10 17 35 40 
(vm> 

.270 

.300 

.350 

.400 

.500 

.550 

.600 

,700 

750 

1.0 

1.5 

2.0 

2.5 

TOTAL 

1.13 

1.20 

1.31 

1.54 

1.81 

1.88 

1.94 

2.02 

2.04 

2.05 

2.05 

2.08 

2.16 

1.981 

1.11 

1.17 

1.28 

1.50 

1.77 

1.85 

1.91 

2.00 

2.02 

2.05 

2.08 

2.10 

2.16 

1.961 

1.09. 

1.15 

1.26 

1.48 

1.75 

1.84 

1.90 

2.00 

2.03 

2.05 

2.08 

2.09 

2.14 

1.974 

1; 08 

1.13 

1.25 

1.47 

1.74 

1.83 

1.90 

1.99 

2.03 

2.05 

2.08 

2.09 

2.16 

1.964 

1.04 

1.08 

1.19 

1.40 

1.67 

1.76 

1.83 

1.95 

1.99 

2.02 

2.07 

2.08 

2.12 

1.955 

1.00 

1.05 

1.17 

1.38 

1.65 

1.74 

1 .'82 

1.94 

1.98 

2.02 

2.07 

2.08 

2.12 

1.939 
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TABLE 2 

Relative Spectral and Total Irradiance Ratios for a Clear 1000-Watt Lamp 

in an A1203 Coated Reflector at 150 cm. VS. a 1000-Watt Reference Source 

at 75 cm. as a Function of Time 

13.7 - Time (hrs.) 2 6 25 31 54 61 . 82 87 110 
A (lid 

.2537 .950 .930 .893 .899 .903 .898 .906 .905 .914 .910 

.300 .930 .903 .869 .870 .870 .871 .875 .875 -874 .877 

.500 1.53 1.52 1.50 1.50 1.50 1.50 1.51 1.51 1.50 1.51 

.700 1.61 1.61 1.61 1.61 1.61 1.61 1.61 1.62 1.61 1.62 

1.00 1.60 1.60 1.61 1.60 1.62 1.63 1.62 1.61 1.62 1.63 

1.50 1.61 1.62 1.63 1.62 1.64 1.65 1.64 1.64 1.64 1,65 
pp--p---pp 

TOTAL 1.627 1.631 1.635 1.633 1.644 1.645 1,636 1.640 1.639 1.643 

Standard Deviation of the TOTAL from 25 - 117 hrs. = 0.27% 
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TABLE 3 

Relative Spectral and Total Irradiance Ratios for a Frosted 1000-Watt Lamp 

in an A1203 Coated Reflector at 150 cm. VS. a 1000-Watt Reference Source 

at 75 cm. as a Function of Time 

Time (hrs.) 25 47 72 80 104 127 135 
A (urn) 

.270 

.300 

350 

.400 

e 500 

.550 

.600 

.700 

.750 

1.0 

1.5 

2.0 

2.5 

TOTAL 

.591 

.696 

.884 

1.15 

1.52 

1.60 

1.69 

1.76 

1.79 

1.82 

1.87 

1.89 

1.88 

.582 

.685 

.873 

1.13 

1.51 

1.60 

1.69 

1.76 

1.79 

1.83 

1.88 

1.89 

1.89 

1.720 1.720 

.578 

.680 

.870 

1.13 

1.51 

1.60 

1.69 

1.75 

1.78 

1.82 

1.88 

1.90 

1.90 

1.723 

.579 

.678 

.867 

1.13 

1.51 

1.60 

1.68 

1.76 

1.79 

1.82 

1.88 

1.89 

1.90 

1.718 

.571 e 576 

,675 .677 

.863 .863 

1.13 1.13 

1.51 1.51 

1.60 1.60 

1.69 1.69 

1.76 1.76 

1.79 1.80 

1.83 1.83 

1.90 1.90 

1.92 1.91 

1.92 1.91 
-- 

1.725 1.727 

Standard Deviation of the TOTAL from 25 * x35hrs. = 0.20% 

.581 

.682 

.868 

1.13 

1.52 

1.61 

1.69 

1.77 

1.80 

1.84 

I. 90 

1.92 

1.92 

1.725 
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TABLE 4 

Results of Atmospheric Absorption Measurements 

Trial No. Correction Factor 

1 0 e 9851 

2 .9832 

3 .9826 

4 .9831 

5 .9845 

6 .9839 

7 .9851 

8 .9858 

9 .9863 

10 .9832 

11 .9842 

12 .9836 

13  .9836 

14 .9831 

m = 0,9841 

0 = 0.1% 
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TABLE 5 

Transmittance and Uncertainties of Sector Disks 

Nominal Measured Uncertainty 
Transmittance Transmittance (Percent of T) 

0.80 0.7999 s 0.01 

.70 . m o l  < .01 

.60 .5991 < .01 

.50 .4999 < .01 

.40 

.30 

.3993 

.3002 

.01 

.02 

.20 .zoo2 .02 

.10 .09988 .05 

.05 ,05003 .10 

.01 .00977 .50 
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TABLE 6 

Diameters of 'Blackbody Apertures 

Orientation Diameter Mean 0 
(Degrees ) (m) (% of mean) 

0 
30 
60 
90 

0 
30 
60 
90 

0 
30 
60 
90 

0 
30 
60 
90 

0 
30 
60 
90 

1.0742 
1.0745 
1.0742 
1.0730 

2.0647 
2.0618 
2.0641 
2.0641 

4.0237 
4.0281 
4.0250 
4.0228 

6.0159 
6.0226 
6.0163 
6.0090 

8.0449 
8.0420 
8.0440 
8.0404 

0 10.0660 
30 10.0745 
60 10.0704 
90 10.0694 

1.0740 .062% 

2.0637 .062% 

4.0249 

6.0160 

8.0428 

10.0701 

058% 

.043% 

.025% 

.035% 



-45- 

TABLE 7 

Blackbody I r r ad iance  a t  30.026 cm. as a Function of Temperature 

(Aperture Diameter = 6.016 mm) 

Temp. (K) E (mw cme2) Temp. (K) E (mw cm-2) Temp. (K) E (mw - 
1374.0 
1374.1 
1394.2 
1374.3 
1374.4 
1374.5 
1374.6 
1374.7 
1374.8 
1374.9 

1375.0 
1375.1 
1375.2 
1375.3 
1375.4 
1375.5 
1375.6 
1375.7 
1375.8 
1375.9 

1376.0 
1376.1 
1376.2 
1376.3 
1376.4 
1376.5 
1376.6 
1376.7 
1376.8 
1376.9 

1377.0 
1377.1 
1377.2 
1377.3 
1377.4 
1377.5 
1377.6 
1377.7 
1377.8 
1377.9 

1378.0 

1.9878 
1.9883 
1.9889 
1.9895 .* 
1.9901 
1.9907 
1.9912 
1.9918 
1.9924 
1.9930 

1.9936 
1.9941 
1.9947 
1.9953 
1.9959 
1.9965 
1.9971 
1.9976 
1.9982 
1.9988 

1.9994 
1.9999 
2.0005 
2.0011 
2.0017 
2.0023 
2.0029 
2.0035 
2 e 0040 
2.0046 

2.0052 
2.0058 
2.0064 
2.0070 
2.0076 
2.0081 
2.0087 
2.0093 
2.0099 
2.0105 

2.0111 

1392.0 
1392.1 
1392.2 
1392.3 
1392.4 
1392.5 
1392.6 
1392.7 
1392.8 
1392.9 

1393.0 
1393.1 
1393.2 
1393.3 
1393.4 
1393.5 
1393.6 
1393.7 
1393.8 
1393.9 

1394.0 
1394.1 
1394.2 
1394.3 
1394.4 
1394.5 
1394.6 
1394.7 
1394.8 
1394.9 

1395.0 
1395.1 
1395.2 
1395.3 
1395.4 
1395.5 
1395 e 6 
1395.7 
1395.8 
1395.9 

1396.0 

2.0942 
2.0948 
2.0954 
2.0960 
2.0966 
2.0972 
2.0979 
2.0984 
2.0990 
2.0997 

2.1002 
2.1009 
2.1015 
2.1021 
2.1027 
2.1033 
2.1039 
2.1045 
2.1051 
2.1057 

2.1063 
2.1069 
2.1075 
2.1081 
2.1087 
2.1093 
2.1100 
2.1106 
2 1112 
2.1118 

2.1124 
2.1130 
2.1136 
2.1142 
2.1148 
2.1154 
2.1160 
2.1166 
2.1172 
2.1178 

2.1185 

1396.0 
1396.1 
1394.2 
1396.3 
1396.4 
1396.5 
1396.6 
1396.7 
1396.8 
1396.9 

1397.0 
1397.1 
1397.2 
1397.3 
1397.4 
1397.5 
1397.6 
1397.7 
1397.8 
1397.9 

1398.0 
1398.1 
1398.2 
1398.3 
1398.4 
1398.5 
1398.6 
1398.7 
1398.8 
1398 e 9 

1399.0 
1399.1 
1399.2 
1399.3 
1399.4 
1399.5 
1399.4 
1399.7 
1399.8 
1399.9 

1400.0 

2.1185 
2 a 1191 
2.1197 
2.1203 
2.1209 
2.1215 
2.1221 
2.1227 
2 e 1233 
2.1239 

2.1245 
2.1252 
2.1258 
2 1264 
2.1270 
2.1276 
2.1282 
2.1285 
2.1294 
2.1300 

2.1307 
2.1313 
2.1319 
2.1325 
2.1331 
2.1337 
2.1343 
2.1349 
2.1355 
2.1362 

2.1368 
2,1374 
2.1380 
2.1384 
2.1392 
2.1398 
2 1404 
2.1411 
2.1417 
2,1423 

2.1429 
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TABLE 8 

To ta l  I r rad iances  of High-Intensity Units i n  mw emm2 

a t  a Distance of 100 cm. 

Total. I r rad iances  
Unit No. 1 2 3 4 Mean 

T- 1 24.15 24.07 24.17 24.17 24.14 

T- 3 

T- 4 

T- 5 

T- 6 

T- 7 

T- 8 

T- 9 

23.31 

24.77 

23.87 

22.79 

22.78 

22.07 

22.98 

23.42 

24.77 

23.95 

22.85 

22.85 

22.17 

23.01 

23.38 

24.70 

23.91 

22.92 

22.80 

22.22 

23.03 

23.29 

23.03 

22.94 

22.25 

23.35 

24.75 

23.91 

22.90 

22.84 

22.18 

23.00 
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TABLE 9 

Ratio of Total Irradiances (40 cm. / 100 cm.) for High-Intensity Units 

Ratios 
Unit No. 1 2 3 4 Mean 

T- 1 6.041 6.034 6.020 6.032 6.032 

T- 3 6.045 6.045 6.028 6.039 6,039 

T-4 6.038 6.016 6.027 

T- 5 6.020 6.016 6.018 

T- 6 6.057 6.053 6.041 6.050 6.050 

T- 7 6.062 6.062 6.039 6.054 6.054 

T- 8 6.054 6.047 6.033 6.045 6.045 

T- 9 6.028 6.029 6.028 
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TABLE 10 

Total Irradiance of High-Intensity Units 

i n  mw at a Distance of 40 cm. 

Unit No .  

T-1 

T- 3 

T-4 

T-5 

T- 6 

T- 7 

T- 8 

T-9 

Total Irradiance 

145.6 mw-cm-2 

141.0 

149.2 

143.9 

138.5 

138.3 

134.1 

138.6 
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TABLE 11 

Spec t r a l  I r r ad iance  of High-Intensity Units i n  

p cm-2-nm-1 a t  40 cm. when Operated a t  8.30 Amperes 

h,pm T-1 T-3 T-4 T-5 T-6 T- 7 T-8 T-9 

.300 

.320 

.350 

.370 

.400 

.450 

.500 

.550 
,600 
.650 

.700 

.750 

.800 

.goo 
1.000 
1.100 
1,200 
1.300 
1.400 
1.500 

1.600 
1.700 
1.800 
1,900 
2.000 

2.100 
2.200 
2.300 
2.400 
2.500 

0.414 
0.835 
2.15 
3.58 
7.16 

16.6 
30.3 
45.5 
61.2 
76.6 

90.2 
99.7 

105 
109 
108 
102 

93.6 
84.6 
75.8 
67.5 

59.5 
52.0 
45.2 
39.3 
34.0 

29.8 
26.4 
23.6 
21.4 
19.6 

0.406 
0.821 
2.10 
3.49 
6.95 

15.9 
29.3 
43.9 
58.6 
73.0 

85.7 
94.5 
99.8 

104 
102 

95.8 
88.0 
79.9 
71.8 
63.9 

56.3 
49.4 
43.1 
37.5 
32.6 

28.6 
25.4 
22.8 
20.7 
19.1 

0.383 
0.788 
2.05 
3.42 
6.87 

16.0 
29.8 
45.4 
61.3 
76.5 

89.5 
99.0 

105 
110 
108 
102 

93.8 
85.1 
76.5 
68.1 

60.1 
52.6 
46.0 
39.9 
34.7 

30.4 
27.0 
24.3 
22.1 
20.3 

0.387 
0.789 
2.04 
3.39 
6.76 

15.6 
29.0 
44.0 
59.3 
74.2 

87.2 
96.3 

10  2 
10 7 
105 

98.5 
90.8 
82.4 
74.1 
65.9 

58.1 
50.8 
44.3 
38.5 
33.4 

29.3 
26.0 
23.3 
21.2 
19.5 

0.469 
0.945 
2.37 
3.88 
7.53 

16.8 
30.1 
44.6 
59.2 
73.2 

85.1 
93.5 
98.5 

99.1 
92.6 
84.7 
76.9 
69.3 
62 .O 

55.1 
48.6 
42.5 
37.0 
32.3 

28.4 
25.3 
22.9 
20.9 
19.3 

102 

0.457 
0.920 
2.32 
3.81 
7.49 

16.9 
30.3 
45.1 
60.0 
74.2 

86.3 
94.7 
99.7 

10 3 
101 

94.5 
86.5 
78.5 
70.6 
62.9 

55.8 
49.0 
42.7 
37.1 
32.2 

28.2 
25.0 
22.5 
20.5 
18.9 

0.433 0.485 
0.871 0.967 
2.19 2.42 
3.60 3.96 
7.06 7.70 

15.9 17.1 
28.8 30.5 
42.9 45.2 
56.9 59.9 
70.5 74.1 

81.9 86.2 
90.1 95.0 
95.0 100 
98.4 104 
96.0 101 
90.2 94.6 
82.7 86.8 
75.0 78.4 
67.5 70.2 
60.1 62.3 

53.2 54.9 
46.8 48.0 
44.0 41.7 
35.7 36.2 
31.2 31.5 

27.5 27.7 
24.4 24.6 
22.0 22.1 
20.0 20.1 
18.5 18.5 
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TABLE 12 

Summary of Errors in Total Irradiance Measurements 

Source of Error Percentage 

Measurement of blackbody temperature on IPTS 

Conversion of temperature to TKTS 

Measurement of thermocouple EMF 

Quality of blackbody 

f 0.15 

.075 

.05 

.1 

Distance Measurement (blackbody) .07 

Distance Measurement (high-intensity unit) .05 

Area of blackbody aperture .15 

Atmospheric absorption .1 

Sector disk calibration .1 

Setting of current 

Precision 

,004 

e 3  
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Instruction 

Appendix A 

for Using the High Intensity Stand 

of Total and Spectral Irradiance 

rds 

These instructions cover the use of the high intensity standards 

of total and spectral irradiance. The standards consist of commercial 

G.E. 1000-watt type DXW or FBY tungsten halogen lamps mounted in ceramic 

reflectors. The reflectors are slip-cast fused silica and have a flame 

sprayed A1203 reflecting surface. 

in a source capable.of producing an irradiance at 40 cm. on the order of 

a solar constant (about 136 mw The effective size of the radia- 

ting source is about 3 cm. by 5 cm. 

ber of these units show that the irradiance in the specified direction 

over an area of 4 cm2 is uniform to about f 0.25%. 

tests indicate that the total irradiance remains constant: to about f 0.3% 

The lamp-reflector combination results 

Uniformity tests performed on a num- 

Long term stability 

for periods of about 50 hours. During this period, the ultra-violet 

irradiance has a tendency to gradually decrease by about 2 - 3 percent. 
This is due primarily to ultra-violet degradation of the A1203 coating. 

The radiant intensity of the entire unit as mounted in the manner 

prescribed below is measured and reported. 

high intensity standards are based upon the total radiance of a black- 

body as defined by the Stefan-Boltzmann equation. The assigned values 

have an uncertainty of about * 1.0 percent. The values of the issued 

standards, compared to the reference standards, are in agreement to about 

0.3 percent. 

The total irradiances of the 

The spectral irradiances are based on the radiance of a 
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blackbody as governed by Planck's radiation law and have been determined 

through comparison with a group of 1000-watt quartz-iodine lamp standards 

of spectral irradiance. The uncertainty in the spectral values ranges 

from about 5 percent in the visible and infrared to about 8 percent in 

the ultra-violet. 

Use of the Standards 

The unit should be mounted in the supplied holder and aligned as 

The rear end and the side of the reflector having shown in Figure A. 

a scribed center line are both made vertical. Measurement of distance 

should be made from the front of the ceramic reflector. Thus, the unit 

is orientated in such a manner that an imaginary line from the detector 

(or object to be irradiated) to the source is normal to the front plane 

of the reflector. 

For highest accuracy, the current through the lamp should be set at 

8.30 amperes d.c. 

is in the circuit with the lamp, a correction will usually have to be 

made to the observed current. The setting of current through the lamp is, 

of course, sufficient to determine the irradiance of the source at the 

specified distance and direction; the voltage being useful mainly to 

determine whether the lamp characteristics have remained constant. 

If the measurement of current is made when a voltmeter 

A black back-drop should be placed about 1 meter to the rear of the 

source. 

cm. in diameter should be positioned 25 cm. in front of the reflector. To 

screen the opening, a water-cooled shutter (15 cm. by 15 cm.) should be 

A water-cooled shield about 50 cmby 60 cm. with an opening 10 
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placed between the shield and the source. 

be painted black on all sides and be kept at a temperature of 25 f 5°C. 

Before the lamp is turned on, the shutter should be opened and 

The shield and shutter should 

closed to determine the amount of stray thermal radiation falling upon 

the radiometer. This test may be applied at any time provided the lamp 

has been given sufficient time to come to room temperature (about 15 

minutes). The screen to the rear of the lamp may be cooler than the 

shutter, which will cause a negative deflection. The correction to the 

observed lamp deflection is, in that case, positive. It is desirable to 

make the calibration in a dimly lighted room to avoid erkors from sun- 

light which is continually varying with cloudiness, thus varying stray 

radiant energy within the room as well 

and also causing air currents near the 

diaphragms between the shutter and the 

in minimizing this background energy. 

as the temperature of the screens 

radiometer. The insertion of 

radiation detector may be helpful 

These standards require no auxiliary optics. If any are employed 

proper correction must be made for their optical characteristics. The 

lamp is simply placed at a measured distance from the detector or 

spectrometer slit. 

Values of spectral irradiance for these lamps are tabulated as a 

function of wavelength in microwatts per (square centimeter-nanometer) at 

a distance of 40 centimeters-frome front of reflector to receiver. Values 

of spectral irradiance for wavelength intervals other than one nanometer, 

say x nanometers, may be found by multiplying the tabulated values by x. 
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These s tandards of i r r a d i a n c e  are expensive labora tory  equipment 

and i t  is  suggested t h a t  they be operated spar ingly  and wi th  ca re  i n  order  

t o  prolong t h e i r  u s e f u l  l i f e .  They should be  turned on and of f  a t  reduced 

cu r ren t ,  and g r e a t  c a r e  should b e  taken s o  t h a t  a t  no t i m e  w i l l  t he  cur- 

r e n t  appreciably exceed 8.30  amperes. It is recommended t h a t  f o r  general  

use ,  working s tandards  be prepared by c a l i b r a t i n g  them r e l a t i v e  t o  the  

labora tory  s tandard suppl ied by NBS. 

These lamps opera te  a t  high temperatursssuch t h a t  t h e  quartz  

envelope is  above t h e  flammable poin t  of organic  materials. 

thus cause f i r e s ,  and a l s o  the  burning of l i n t ,  etc. on t h e  envelope 

which may r e s u l t  i n  o p t i c a l  damage t o  i t s  sur face .  

t h e  f i n g e r s  come i n t o  contac t  wi th  t h e  quar tz  envelope, o r  the  A1203 

r e f l e c t i n g  sur face .  

They may 

A t  no t i m e  should 
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Figure A 
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Appendix B 

Fabrication of Reflectors 

The reflectors were supplied by Pyro-Metric, Inc., Seattle, , 

Washington. They consist of slip-cast fused silica; a material 

possessing low conductivity, high reflectivity, and minimal thermal 

shock and expansion at temperatures from near 2f3'K to the melting 

point (about 2000'K). 

In the fabrication of the reflectors, it is necessary to first 

make a pattern of the desired configuration, a muster mold, and a 

casting mold. 

for in the various materials used. When the mold is ready, the liquid 

fused silica material is poured into it to form what is called a 

Calculations for shrinkage and expansion must be allowed 

green ware". Further shaping and sanding is necessary to provide I t  

for close tolerances. A firing procedure is then followed which per- 

mits the material to dry gradually prior to the application of a high 

temperature firing cycle. 

acquires a bright whiteness which possesses excellent reflective 

characteristics. It does not burn or tarnish and maintains its white 

color at high temperatures. 

encapsulated to prevent oxidation and deterioration from the heat of 

the lamp, are sealed into the reflector. 

After the fused silica has been fired, it 

Tungsten-halogen lamps, with the end seals 
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Appendix C 

Two Solar  Constant Source 

The f e a s i b i l i t y  of developing a source capable of producing an 

i r r ad iance  of roughly two s o l a r  cons tan ts  (about 272 mw 

considered. C e r a m i c  r e f l e c t o r s  were designed such t h a t  two 1000-watt 

tungsten-halogen lamps could be mounted s i d e  by s i d e  i n  the  r e f l e c t o r .  

Thus, t h i s  source should have an i r r ad iance  roughly twice t h a t  of the 

s i n g l e  lamp-reflector combination. 

w a s  a l s o  

S t a b i l i t y  tests on the  double lamp-reflector u n i t s  were conducted 

The two lamps were wired i n  t h e  same manner as wi th  t h e  s i n g l e  uni ts .  

i n  series and operated a t  a cur ren t  of 8.20 amperes. 

encouraging i n  t h a t  t h e  u n i t s  operated about 50 hours before  f a i l u r e .  

The r e s u l t s  of a s t a b i l i t y  test on one of t hese  u n i t s  is given i n  Table 

A. Note t h a t  t h e  t o t a l  i r r ad iance  decreases  by about 2% over t h e  50- 

I n i t i a l  tests were 

hour period and t h e  u l t r a - v i o l e t  decreases  by about 9 percent .  

r e f l e c t o r s  were accordingly redesigned a number of times i n  an attempt 

t o  increase  t h e  l i f e  of t h e  lamps, both clear and f ros t ed  lamps were 

sealed i n  the  r e f l e c t o r s .  However, t h e  f ros t ed  lamps usua l ly  f a i l e d  i n  

less than 20 hours. 

The 
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Table A 

Relative Spectral and Total Irradiance Ratios for Two Clear 1000-Watt Lamps 

in an A1203 Coated Reflector at about 200 cm. VS. a 1000-Watt 

Reference Source at 75 cm. as a Function of Time 

T i m e  (hrs.) 3 12 19 25 34 42 50 
A (l-4 

.2537 .653 .633 .626 ,626 ,603 ,612 .601 

.300 .708 .687 .670 .671 .660 .663 .652 

.500 1.23 1.22 1.20 1.20 1.19 1.20 1.17 

.700 1.31 1.31 1.31 1.32 1.30 1.30 1.29 

1.0 1.33 1.32 1.33 1.33 1.31 1.33 1.31 

1.5 

2.0 

1.34 1.35 

1.36 1.37 

TOTAL 1.312 1.305 

1.35 1.36 1.34 1.36 1.33 

1.37 1.38 1.37 1.37 1.36 - 
1.289 1.290 1.290 1.290 1.286 
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Appendix D 

1000-Watt Standards of Total and Spectral Irradiance 

Since the experimental apparatus for making irradiance measurements 

was set up, a group of clear and frosted 1000-watt lamps (without reflec- 

tors) were calibrated in terms of total and spectral irradiance. The 

total measurements were made relative to the 1400°K blackbody with the 

lamps positioned at 50 and 100 cm. from the detector. The spectral irra- 

diances were determined at 50 cm. through direct comparison with the NBS 

1000-watt standards of spectral irradiance. 

For the total measurements, the 5 and 30 percent transmitting sector 

disks were used. A minimum of five calibrations was made for each of 

the lamps. As with the high-intensity units, the repeatability in terms 

of a standard deviation was f 0 . 3 % .  The results of the measurements are 

given in Table B. 

The spectral comparisons were made over the wavelength interval of 

0.25 to 2.5 um using the prism spectroradiometer. Each lamp was compared 

to at least three standards of spectral irradiance. The results of these 

measurements are given in Table C. 
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Table B 

T o t a l  Irradiance of 1000-Watt Tungsten-Halogen Lamps in mw cm-2 

Unit No. 

ST-1 

ST-2 

ST-3 

ST-6 

ST-7 

ST-8 

Total Irradiance 

32.39 

32.63 

31.87 

32.78 

33.83 

32.98 
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Table C 

Spec t r a l  I r r ad iance  of 1000-Watt Tungsten-Halogen Lamps i n  pw ~ r n - ~ - n m - l  

a t  50 cm. when Operated a t  8.30 Amperes 

(lJd ST-1 ST-2 ST-3 ST-6 ST-7 ST-8 

.250 

.260 

.270 

.280 

.290 

.300 

.320 

.350 

.370 

.400 

.450 

.500 

.550 

.600 

.650 

.700 

.750 

.800 

.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 

.0202 

.0359 

.0604 

.0962 

.145 

.208 

.392 

.891 
1.36 
2.37 
4.68 
7.82 

11.3 
14.8 
18.1 
20.9 
22.9 
24.1 
24.9 
24.3 
22.7 
20.8 
18.7 
16.7 
14.8 
13.0 
11.3 

9.84 
8.52 
7.36 
6.44 
5.68 
5.07 
4.58 
4.18 

.0221 

.0391 
,0645 
. lo4 
.156 
.222 
.419 
.947 

1.45 
2.51 
4.89 
8.12 

11.6 
15.1 
18.5 
21.4 
23.3 
24.4 
25.1 
24.5 
22.9 
20.9 
18.8 
16.8 
14.9 
13.1 
11.4 

9.88 
8.56 
7.40 
6.46 
5.70 
5.09 
4.60 
4.20 

.0194 

.0345 

.0584 

.0933 

.141 

.202 

.381 

.869 
1.33 
2.32 
4.55 
7.65 

11.0 
14.4 
17.7 
20.5 
22.4 
23.6 
24.4 
23.8 
22.4 
20.5 
18.5 
16.5 
14.6 
12.8 
11.2 

9.75 
8.45 
7.31 
6.38 
5.63 
5.03 
4.54 
4.15 

.0165 

.0308 

.0535 

.0874 

.134 

.195 

.376 
,873 

1.35 
2.37 
4.70 
7.93 

11.4 
14.9 
18.3 
21.3 
23.3 
24.5 
25.3 
24.6 
22.9 
20.9 
18.9 
16.9 
15.0 
13.2 
11.5 

9.97 
8.62 
7.44 
6.48 
5.71 
5.10 
4.61 
4.22 

.0167 

.0310 

.0542 

.0890 

.137 

.199 
,386 
.902 

1.39 
2.44 
4.85 
8.17 

11.8 
15.5 
19.0 
22.0 
24.1 
25.3 
26.0 
25.2 
23.5 
21.4 
19.3 
17.3 
15.3 
13.5 
11.8 
10.2 

8.79 
7.58 
6.61 
5.82 
5.19 
4.69 
4.29 

.0156 

.0292 

.0512 

.0836 

.128 

.186 

.360 

.a40 
1.30 
2.29 
4.61 
7.86 

11.4 
15.0 
18.4 
21.4 
23.4 
24.7 
25.5 
24.8 
23.2 
21.2 
19.2 
17.2 
15.2 
13.4 
11.7 
10.2 

8.77 
7.56 
6.59 
5.80 
5.17 
4.67 
4.27 
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